Lattice defects induced by initial hydriding and their effect on residual hydrogen content in LaNi 5 have been studied by means of positron lifetime spectroscopy and hydrogen thermal desorption measurement. Component analyses of positron lifetime spectra show that surprising amount of vacancies together with dislocations are generated by the initial hydriding. Vacancy migration in LaNi 5 after hydrogen desorption at room temperature is observed around 423-673 K, while dislocations in LaNi 5 are much more stable. Hydrogen thermal desorption measurement shows that the release of residual hydrogen occurs mainly in the temperature range from 450 to 650 K, and it ceases at about 800 K. The release temperature of residual hydrogen closely corresponds with the temperature of vacancy migration and annihilation in LaNi 5 . Residual hydrogen in LaNi 5 is most likely trapped by vacancies and vacancy clusters, which are induced by hydriding.
Introduction
LaNi 5 alloy (hexagonal CaCu 5 -type structure) is a representative hydrogen storage alloy. This alloy has excellent hydriding characteristics: low hydrogen absorption and desorption pressures, small hysteresis of hydrogen absorption and desorption processes, easy activation and fast reaction rate for hydriding. Consequently, it has been used, for example as a negative electrode material for rechargeable nickel-metal hydride (Ni-MH) batteries, hydrogen storage vessels and chemical heat compressors. However, there remains some room for improvement in terms of durability. During hydrogen absorption and desorption cycles, a large volume change of about 25% 1) promotes pulverization of the alloy, accelerating deterioration.
2)
The changes of the microstructures and defect structures in LaNi 5 during hydriding have been investigated by various techniques, such as transmission electron microscopy (TEM), [3] [4] [5] [6] [7] and X-ray and neutron powder diffractometries. [8] [9] [10] [11] [12] [13] [14] It has been reported that dislocations, which have Burgers vectors of 0001 on {0110} and 1/3 1120 on {0001}, are formed during the initial hydriding. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Shirai et al. have reported that not only dislocations but also vacancies and vacancy clusters are formed during the initial hydriding.
15) The absorption pressure is determined by the overpressure required to produce many cracks and lattice defects such as dislocations during the initial hydriding. 7) Characteristics of hydrogen storage alloys, particularly the durability, correlate closely with lattice defects.
Positrons are sensitively trapped by vacancies and vacancy clusters in metals and annihilate with observable characteristics of each type of vacancy cluster. 16) Positron annihilation lifetime (PAL) measurement provides direct information on lattice defects such as vacancies, vacancy clusters and dislocations. In this work, lattice defects formed due to the initial hydriding were studied by means of PAL measurement. * Graduate Student, Osaka University.
The temperature of residual hydrogen release was studied by means of thermal desorption measurements. The correspondence between the thermal stability of lattice defects formed during the initial hydriding and the thermal release of residual hydrogen is discussed.
Experimental
A commercial LaNi 5 alloy (Kojundo Chemical Laboratory Co. Ltd.) received in lump form was used throughout this work. The alloy ingots were annealed at 1223 K for 24 h in Ar atmosphere for homogenization. The ingots were crushed into powder and annealed at 1223 K for 4 h in Ar atmosphere for the elimination of lattice defects introduced by crushing.
LaNi 5 was fully hydrogenated at a hydrogen pressure of 3 MPa, which is sufficiently higher than the hydrogen absorption pressure of LaNi 5 , and subsequently desorbed under vacuum (1 × 10 −6 MPa) at 296 K. In order to investigate lattice defects formed in the initial hydrogen absorption-desorption cycle, isochronal annealing for the activated LaNi 5 was carried out under vacuum. The temperature range of annealing was from 373 to 1223 K. Each was raised in increments of 50 K in each anneal step and annealing time was 900 s. After each annealing step, positron lifetime was measured at 296 K using a fast-fast coincidence system with a time resolution (FWHM) of 195 ps. A sealed positron source of 30 µCi 22 NaCl was covered with sample powders. The source correction and resolution functions were evaluated using the code Resolution. 17) Lifetime spectra were analyzed using the Positronfit Extended program. 18, 19) Hydrogen thermal desorption (HTD) measurement was carried out using a vacuum gage. Total pressure change obtained by HTD measurement indicates a release of residual hydrogen and an evaporation of adsorptive water and gases. When the amount of residual hydrogen is much greater than that of evaporated adsorptive water and gases, the evaporation of adsorptive water and gases can be ignored. HTD measure- ment was carried out in the temperature range from 296 to 1073 K by the nonextraction method. The heating rate was 2 K/s. Temperature-programmed desorption (TPD) measurement was carried out using a quadrupole mass (Q-mass) spectrometer under a He flow condition. TPD measurement allows the detection of various gases independently. Therefore, TPD measurement provides direct information on the temperature of hydrogen release from the specimen. TPD measurement was also carried out in the temperature range from 296 to 1073 K. The heating rate was 0.2 K/s.
Results
In fully annealed LaNi 5 , the positron lifetime (τ f ) of free positrons in the matrix is 125 ps. The lattice defects formed in LaNi 5 during hydriding were examined by one-component analyses of positron lifetime spectra. Mean positron lifetime and the variance of fit (χ 2 /q) as a function of isochronal annealing temperature are shown Fig. 1 . The mean positron lifetime (τ M ) increased from 125 to 180 ps during the initial hydriding. This increase is due to the formation of lattice defects. 15) τ M markedly increases from 423 K, and reached a peak at around 573 K. This increase shows that the migration and clustering of excess vacancies occur in this temperature range.
The quantity χ 2 /q indicates the fitting accuracy of the analysis; when the value of χ 2 /q is significantly larger than unity, the result of the analysis is not an adequate representation of the measured spectrum. χ 2 /q is larger than unity in the temperature range from 473 to 673 K, and hence the onecomponent analysis is not adequate for the positron lifetime spectra obtained in this temperature range.
All positron lifetime spectra were analyzed into multicomponents. Positron lifetime, the relative intensity and the variances are shown in Fig. 2 as functions of isochronal annealing temperature. χ 2 /q is almost one throughout the entire anneal- ing temperature range, indicating that the results of the multicomponent analyses are adequate representations of the measured spectra. The positron lifetime spectrum for as-activated LaNi 5 was resolved into two components, 190 and 150 ps. These values are longer than the positron lifetime τ f of free positrons in the matrix. Thus these values come from lattice defects. The former lifetime is higher than the positron lifetime of 160 ps for monovacancies induced by electron irradiation. 15) Since positron lifetime for vacancy clusters is higher than that for monovacancies, this component comes from small vacancy clusters. In the temperature range from 423 to 673 K the former lifetime increased with annealing temperature. The latter lifetime is almost constant during isochronal annealing. The relative intensity for the latter decreased above 1123 K showing quite high stability of the defect. Furthermore the latter lifetime is shorter than the positron lifetime for monovacancies induced by electron irradiation. Generally, the positron lifetime for dislocation is shorter than that for monovacancies. Therefore this component comes from dislocations.
Above 500 K, a new positron lifetime component, 185 ps, appears. This value is much higher than the positron lifetime τ f , and is almost constant during isochronal annealing. In the temperature range from 723 to 923 K, the relative intensity for this defect decreases with annealing temperature and disappears below 973 K. This component most likely comes from two-dimensional relaxed vacancy clusters, that is, dislocation loops formed by the migration of excess vacancies.
Above 973 K, a new positron lifetime component appears. This lifetime is apparently shorter than that in the fully annealed specimen. It is well known that free positron lifetime τ f apparently becomes shorter the positron lifetime (τ 0 ) when some positrons are trapped by defects as follows: 20, 21) 1
where κ is the positron trapping rate. τ 0 is shorter than τ f because of positron trapping by dislocations in this case. Therefore, a new positron lifetime component comes from free Figure 3 shows the differential coefficient of total pressure (∆P/∆T ) for activated LaNi 5 as a function of the heating temperature. The ∆P/∆T curve shows the amount of gases released from LaNi 5 . In this case, gases released from LaNi 5 are residual hydrogen from the inside and adsorbed H 2 O from the surface. The ∆P/∆T curve increases from about 373 K due to H 2 O at the surface. The steep rise of ∆P/∆T above 440 K is due to the release of residual hydrogen. The ∆P/∆T curve shows two peaks, at around 530 and 700 K, and goes down to the baseline below 820 K.
The hydrogen intensity detected using a Q-mass spectrometer is shown in Fig. 4 as a function of heating temperature. The hydrogen intensity shows the amount of residual hydrogen released from once-activated LaNi 5 . The hydrogen intensity markedly increases from 440 K, and shows a peak at around 530 K. This result shows that residual hydrogen in LaNi 5 begins to be released above 440 K and is exhausted be- low 900 K. The release of residual hydrogen seems to mainly occur in two temperature ranges centered around 530 and 700 K.
Discussion
In Fig. 2 , the two resolved components, 190 and 150 ps, are due to lattice defects. In the temperature range from 423 to 673 K, the longer positron lifetime increased with annealing temperature. When a three-dimensional vacancy cluster (void) is formed by vacancy migration, its positron lifetime increases with the number of vacancies in the void. 22) Therefore, this behavior of the positron lifetime of the longer lifetime component is due to vacancy migration and clustering. It shows that the migration temperature of vacancies in LaNi 5 is 423 K. This temperature is close to that observed for vacancies introduced by electron irradiation. 15) The shorter lifetime, 150 ps, remains almost constant during isochronal annealing and can be safely attributed to dislocations. On the other hand, positron lifetime for dislocations introduced by mechanical crushing is 145 ps, and such dislocations easily disappear upon annealing. Therefore, the positron lifetime component, of 150 ps, is not from dislocations introduced by mechanical crushing, but from dislocations introduced by hydriding. It has been reported, based on TEM observation that two kinds of dislocations were formed during the initial hydriding in LaNi 5 . Dislocations with the positron lifetime of 145 ps may have the Burgers vector 0001 on {0110}, and dislocations with the positron lifetime of 150 ps may have the Burgers vector 1/3 1120 on {0001}.
Below 923 K, the lifetime component that comes from free positrons in the matrix does not appear. Even after isochronal annealing up to 1223 K, the relative intensity for the matrix is less than 20%. This shows that most of the positrons are trapped and annihilate at dislocations. In other words, it is not easy for dislocations formed during hydriding to completely disappear.
The positron lifetime component of 185 ps appears at around 500 K and is almost constant during isochronal annealing. The relative intensity for this defect gradually decreases with annealing temperature and disappears at 923 K. This component most likely comes from two-dimensional relaxed vacancy clusters. The positron lifetime for this component is slightly shorter than that for monovacancies.
The ∆P/∆T curve has two peaks, as shown in Fig. 3 . The release peaks of residual hydrogen are 530 and 700 K. The hydrogen intensity measured by TPD also indicates two peaks, as shown in Fig. 4 . The first strong peak is at around 530 K and the second weak peak is at around 700 K. These results show that the release of residual hydrogen occurs in two temperature ranges, indicating that residual hydrogen in LaNi 5 is trapped at two kinds of site. In Fig. 4 , other small peaks are observed around 500 and 600 K, which are not recognized in Fig. 3 , owing to the slower heating rate. It is difficult to discuss about the detailed structure at this moment.
The relative intensity of the vacancy cluster component decreases above 450 K. The main release of residual hydrogen also occurs above 450 K. Thus, the vacancy annihilation and the release of residual hydrogen occur at the same tempera-ture. The relative intensity of the positron lifetime component for relaxed vacancy clusters decreases above 650 K. The secondary release of residual hydrogen occurs at the same temperature. The release of residual hydrogen corresponds closely to the disappearance of vacancies and vacancy clusters. Dislocations formed by hydriding exist even after annealing at 800 K. It is evident that the release of residual hydrogen strongly correlates to vacancies but not to dislocations. We propose that the residual hydrogen is mainly trapped at vacancies and vacancy clusters.
By using the trapping model, [23] [24] [25] the concentration of vacancies can be estimated. When positrons are trapped by vacancies or dislocations in a specimen, the following relation is obtained:
where µ is the specific positron trapping rate and C is the concentration of lattice defects. Since specific trapping rates for vacancies and dislocations in LaNi 5 are not known, we adopt here the specific trapping rates for vacancies and dislocations in most metals, µ vac ≈ 10 14 ∼10 15 s −127, 28) and µ dis ≈ 0.1∼1 cm 2 s −1 , 29) respectively. The dislocation density measured by Wu et al. 13) by means of neutron powder diffractometry, ρ = 4.8 × 10 12 cm −2 , and the relative intensity for vacancies, 0.72, just after the first absorption-desorption treatment, give us the concentration of vacancies formed by hydriding in LaNi 5 as 10 −3 -10 −1 . This value is much higher than the vacancy concentration in thermal equilibrium at the melting point of metals, 10 −4 -10 −3 .
Conclusions
We investigated the lattice defects formed during initial hydriding, by means of PAL measurement, and the release of residual hydrogen by means of HTD and TPD measurement. The following conclusions were drawn.
(1) Not only dislocations but also vacancies and vacancy clusters are formed by the initial hydriding in LaNi 5 . Secondary defects are formed by hydrogen-induced vacancy migration.
(2) The temperature of residual hydrogen release is 450 K, which coincides with that of vacancy migration in LaNi 5 . The residual hydrogen is mainly trapped at vacancies and vacancy clusters.
(3) The concentration of vacancies formed by hydriding in LaNi 5 is 10 −3 -10 −1 , which is much higher than the vacancy concentration in thermal equilibrium at the melting point of metals.
